Background Besides cardiac load, the renin-angiotensin system (RAS) and aldosterone may regulate collagen accumulation during maturation or hypertrophic growth. The effect of cardiac volume overload on both left ventricular (LV) and right ventricular (RV) collagen and elastin and the possible role of the RAS in such changes have not yet been assessed.
The Renin-Angiotensin System Background Besides cardiac load, the renin-angiotensin system (RAS) and aldosterone may regulate collagen accumulation during maturation or hypertrophic growth. The effect of cardiac volume overload on both left ventricular (LV) and right ventricular (RV) collagen and elastin and the possible role of the RAS in such changes have not yet been assessed.
Methods and Results In the present study we assessed (1) the effects of 4 to 10 weeks of volume overload by an aortocaval shunt or minoxidil on LV and RV collagen and elastin and (2) the potential of the angiotensin-converting enzyme inhibitor enalapril and the angiotensin II receptor blocker losartan to prevent and regress volume overloadinduced changes in cardiac collagen and elastin. Cardiac volume overload by aortocaval shunt or minoxidil treatment decreased LV collagen accumulation as compared with control rats. In contrast, RV collagen accumulation was potentiated during the initial weeks but not during chronic aortocaval shunt. Enalapril and losartan prevented the relative decreases in LV collagen content and concentration induced by a shunt. Losartan also reversed the decrease in LV collagen content by aortocaval shunt. Neither blocker significantly affected the enhanced RV collagen accumulation during the initial weeks of shunt, but both blockers further potentiated RV collagen accumulation during chronic volume overload. Aortocaval shunt for 4 weeks but not 10 weeks enhanced LV and RV elastin accumulation. This initial increase in LV and RV elastin content was blocked by both enalapril and losartan.
Conclusions Cardiac volume overload, even when accompanied by increased plasma renin activity, decreases LV collagen accumulation, suggesting that in contrast to the stimulatory effect of systolic wall stress, increased diastolic wall stress inhibits collagen accumulation. In support of this concept, enalapril and losartan decreased LV preload and maintained LV collagen accumulation. In contrast to LV collagen, RV collagen accumulation was potentiated during the initial weeks of volume overload, possibly related to acute RV pressure overload shortly after aortocaval shunt and its decrease with chronic shunt. Enalapril and losartan had minimal effect on the enhanced RV collagen during the initial weeks of aortocaval shunt but potentiated RV collagen during chronic shunt, possibly by decreasing RV diastolic pressures. Altogether, these data suggest that during cardiac volume overload, the RAS affects cardiac collagen primarily by its hemodynamic effects. The RAS, however, may potentiate RV and LV elastin accumulation during the initial weeks of volume overload since both enalapril and losartan block this increase. (Circulation. 1994; 90:1989 -1996 gmol Na/g food) and water ad libitum. After an acclimatization period of at least 3 days, the rats were randomized into three different groups: control, aortocaval shunt, and minoxidil (120 mg/L of drinking water).'7-20 An abdominal aortocaval shunt was produced by using an 18-gauge disposable needle (Becton-Dickinson) similar as in our previous studies.23 Shamoperated animals serving as controls were subjected to the same surgical procedure with the exception of puncturing the aorta and the inferior vena cava. Animals were weighed on the day of randomization, weekly thereafter, and on the day of collection of tissue samples. The following three study protocols were performed (protocols 1 and 2 are schematically outlined in Fig 1) . Cardiac elastin and collagen were evaluated after 10 weeks on treatment and compared with control rats. Each experimental group consisted of seven rats.
Central Hemodynamics
At each time point of follow-up, rats were anesthetized with halothane-nitrous oxide-oxygen, and a PE-50 catheter (Clay Adams) filled with heparinized saline (100 U/mL) was inserted into the left ventricle through the right common carotid artery. Catheters were exteriorized on the necks of the animals. Rats were allowed to recover from anesthesia for a period of 4 hours. LV end-diastolic pressure (LVEDP) and LV peak systolic pressure (LVPSP) were assessed in conscious, unrestrained rats after a 30-minute acclimatization period, as previously described.17 19, 23 Cardiac Weight Under pentobarbital anesthesia, the chest cavity was opened; the heart was arrested in diastole by intravenous injection of 1 mol/L KCl, rapidly excised, and placed into ice-cold saline to remain in diastole and to remove the blood. After removal of the atria and large vessels, the ventricles were blotted dry and the right ventricle was dissected along its septal insertion from the rest of the ventricular mass. Wet LV and RV weights were assessed. Both ventricles were put immediately on dry ice and kept frozen (-70°C) until the collagen and elastin assessment.
Collagen and Elastin Contents
Right ventricles and left ventricles were homogenized separately in 0.9% NaCl using a Polytron homogenizer. Total collagen and elastin contents were measured separately. Because of the relatively small proportion of collagen in ventricular tissue, a hot trichloroacetic acid (TCA) extraction procedure was used to concentrate the collagen before analysis. Three volumes of 5% TCA at 4°C was added to the homogenate, and the insoluble material was collected by centrifugation. Three volumes of 5% TCA was added to the pellet, and the sample was placed in a water bath at 95°C for 60 minutes, with occasional mixing. Insoluble material was collected by centrifugation, and the pellet was reextracted with hot TCA in the same manner. Extracts were pooled, and 12 mol/L HCl was added to give a final concentration of 5.7 mol/L HCl. The samples then were hydrolyzed for 24 hours at 100°C. Total hydroxyproline in this hydrolysate was determined by a chemical method based on the technique of Kivirikko et al. 28 Total elastin was determined as the insoluble residue remaining after NaOH extraction. These residues were confirmed to be essentially pure elastin by amino acid analysis. The washed (Fig 2) . LV collagen content increased in parallel with the increase in LV weight and thus LV collagen concentration remained relatively stable (Table 1 ). In contrast, RV collagen accumulation outpaced increases in RV mass, resulting in an increase in collagen concentration (P<.05; Table 1 ). LV and RV elastin accumulation increased in parallel with LV and RV weight up to 14 weeks of age. Whereas LV and RV weight continued to increase from 14 to 20 weeks of age, LV and RV elastin content no longer increased (Fig 2) , resulting in significant decreases in LV and RV elastin concentration at 20 versus 14 weeks ( Table 2) .
Effects of Enalapril and Losartan on Maturation-Related Changes in LV and RV Collagen and Elastin
Treatment for 4 to 5 weeks with either enalapril or losartan when started at 10 weeks (Fig 3) and to a lesser extent when started at 15 weeks of age (Fig 4) inhibited LV collagen accumulation. Since both blockers also caused decreases in LV weight, decreases in the LV collagen concentration were less pronounced (Table 1) .
In contrast, enalapril and losartan increased RV collagen content and concentration when started at 10 weeks of age (Fig 3) . Neither blocker, however, changed RV collagen content (Fig 4) (Table 2) . However, enalapril and losartan decreased both RV elastin content and concentration by about 50% and 35% when started at 10 or 15 weeks of age as compared with control rats (Table 2 (Fig 2) or concentration (Table 1) . Prolonged volume overload by aortocaval shunt for 4 and 10 weeks prevented the maturation-related increase in LV collagen accumulation as compared with control rats (Fig 2) . Combined with the aortocaval shunt-induced LV hypertrophic growth, this resulted in a decrease in LV collagen concentration after 4 and 10 weeks as compared with control rats as well as with rats with a 1-week shunt (Table 1) .
RV collagen content (Fig 2) and RV weight increased in parallel during the first 4 weeks of aortocaval shunt, and RV collagen concentration remained similar in shunt and control rats. Whereas in control rats RV collagen accumulation outpaced the RV growth from 14 to 20 weeks of age, resulting in a significant increase in RV concentration, no further RV collagen accumulation was found during chronic aortocaval shunt (Fig 2 and Table 1 ). As a result, after 10 weeks of an aortocaval shunt, RV collagen concentration was significantly lower compared with control rats of the same age (Table 1) .
LV and RV elastin content increased in parallel with shunt-induced LV and RV growth up to 4 weeks of volume overload (Fig 2 and Table 2 ). Subsequently, LV and RV elastin accumulation in rats with chronic shunt (ie, 4 to 10 weeks after shunt surgery) decreased to levels of the control rats (Fig 2) .
Effects of Enalapril and Losartan on Changes in LV and RV Collagen and Elastin Induced by Aortocaval Shunt Prevention Experiment
Whereas in control rats both blockers decreased LV collagen accumulation, treatment for 4 weeks by both blockers in rats with aortocaval shunt did not change LV collagen content (Fig 3) . However, since both blockers decreased LV weight, the LV collagen concentration increased as compared with untreated shunt rats to the level of untreated control rats (Table 1) .
Treatment by either blocker for 4 weeks did not significantly affect increases in RV collagen content (Fig  3) and concentration (Table 1) induced by aortocaval shunt. Both blockers prevented the increases in LV and RV elastin content at 4 weeks after the shunt surgery (Fig 3) .
Regression Experiment
Losartan but not enalapril, when started at 5 weeks after shunt, reversed to normal the decreases in LV collagen content (Fig 4) and concentration (Table 1) induced by chronic aortocaval shunt. Both blockers enhanced RV collagen accumulation during chronic aortocaval shunt (Fig 4) and prevented the decrease in RV collagen concentration observed after 10 weeks of shunt without treatment (Table 1) .
Losartan but not enalapril blunted the decrease in LV elastin content (Fig 4) and concentration (Table 2) during chronic aortocaval shunt.
In contrast to the decrease in RV elastin content and concentration by the two blockers in control rats (Fig 4 and Table 2 ), neither blocker affected RV elastin content in shunt rats from 5 to 10 weeks after surgery (Fig (Table 3) , and RV collagen concentration did not differ from control rats (Table 3 ). In contrast, LV collagen content did not follow the increase in LV mass by minoxidil and actually decreased as compared with control rats, resulting in a decrease in LV collagen concentration (Table 3) . Similarly, RV and LV elastin content and concentration decreased as compared with control rats (Table 3) .
Volume Overload-Induced Changes in LV Pressures
Cardiac volume overload by an aortocaval shunt or by chronic minoxidil treatment increased LVEDP and decreased LVPSP as compared with control rats (Table  4) . Both enalapril and losartan started 3 days before or 5 weeks after the shunt/sham surgery and continued for 4 (prevention) and 5 (regression) weeks had minimal effect on LVEDP in control rats (Table 4) . In shunt rats, enalapril and losartan similarly decreased LVEDP in both prevention and regression experiments. In rats on minoxidil, enalapril and losartan started at 5 weeks normalized LVEDP at 10 weeks (Table 4 ). In both control rats and rats with volume overload by an aortocaval shunt or chronic minoxidil treatment, the two blockers decreased LVPSP, and the levels attained did not differ significantly between groups of rats (Table 4) . Discussion The present study has the following major findings.
(1) Cardiac volume overload by an aortocaval shunt or minoxidil decreased maturation-related collagen accu- During maturation from 10 to 20 weeks of age, increases in both LV and RV mass were accompanied by parallel increases in LV and RV collagen content up to 14 weeks of age (Table 1 and Fig 2) . Whereas further LV growth was associated with a parallel increase in LV collagen content, RV collagen accumulation outpaced the RV growth from 14 to 20 weeks of age. As a result, RV and LV collagen concentration are similar from birth up to about 14 weeks of age, but RV collagen concentration becomes substantially higher as compared with LV collagen concentration in adult rats (present study; also Reference 30). Extending our findings on the effects of enalapril in rats from 5 to 10 weeks and from 10 to 15 weeks of age,31 the present study shows that both enalapril and losartan from 10 to 14 weeks as well as from 15 to The RAS, aldosterone, and sympathetic nervous system may enhance collagen accumulation in pressure overload-induced cardiac hypertrophy.4'7,810-'216,31 As we reported previously, PRA and cardiac renin (and probably angiotensin II) increase after the induction of an aortocaval shunt or start of minoxidil treatment and (may) remain increased during chronic volume overload by minoxidil and aortocaval shunt (depending on the size of aortocaval shunt).17'23'24 Both enalapril and losartan maintained LV collagen content and concentration in shunt rats at the level of control rats. Both blockers had only a small (NS) effect on the initial increase in RV collagen accumulation in shunt rats. These findings are consistent with the above-stated concept that increased diastolic wall stress inhibits and increased systolic wall stress potentiates collagen accumulation. Blunting of the increase in LV preload by the two blockers (Table 4 ) may explain the prevention of the decrease in LV collagen accumulation after shunt. The minimal effect of the two blockers on the increase in RV collagen in shunt rats may reflect their minimal effects on the RV systolic pressure. 32 When treatment with enalapril or losartan was initiated in the chronic phase, both blockers similarly decreased LV systolic and diastolic pressures and reduced LV hypertrophy in parallel to their effect on LV preload.25 However, only losartan reversed the decrease in LV collagen accumulation during chronic volume overload. We are not aware of any nonspecific inhibitory/ stimulatory effects of enalapril versus losartan on collagen that would explain the above results. In contrast, enalapril and losartan similarly potentiated RV collagen accumulation during chronic shunt. It is possible that the two blockers decreased RV diastolic wall stress (eg, by improving diastolic relaxation39) and thereby blunted its inhibitory effect on collagen accumulation. Both blockers prevented volume overload-induced increases in LV and RV elastin accumulation. These data, combined with the inhibitory effects of the blockers of the RAS on maturation-related increases in RV and LV elastin, suggest a role for the RAS in LV and RV elastin accumulation. Similar to its effect on LV collagen, only losartan prevented the decrease in LV elastin content during chronic volume overload. There is no obvious explanation for this difference between the two blockers.
Conclusions
In contrast to cardiac pressure overload, volume overload, even when accompanied by increased PRA, decreases LV collagen accumulation, suggesting an inhibitory effect of increased diastolic wall stress on collagen accumulation. Indeed, enalapril and losartan decrease LV preload and maintain LV collagen accumulation. In contrast to the decrease in LV collagen content and concentration, RV 
